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tudy of the Application of

Electric Propulsion to Space Missions

Quarterly Progress Report No. 3
Contract No. NASw-T37

SUMMARY
/38173 /IL O\

Contract NASw-T37 between the United Aircraft Corporation Research
Laboratories and NASA pertains to an analytical evaluation of the performance
potential of electric propulsion systems using SNAP-8 and SNAP-50 power
supplies for primary propulsion of unmanned scientific and logistic space
vehicles. During the first two quarters of this study, the application of
the SNAP-50 power system to the solar and Saturn probe missions, the Venus
orbiter mission, and the lunar logistic supply operation was investigated.

In all of these mission studies, use of the Saturn IB launcher was assumed.

During the third quarter, the application of SNAP-50 to the Jupiter
probe mission was considered, again assuming the use of the Saturn IB
launcher. Also, the study of the lunar logistic supply operation was
extended to include the use of the Saturn V as the launcher. For this
mission, a performance comparison of electric propulsion with the solid-
core nuclear rocket was made, and the results are presented in terms of
launch rate and weight launched intc earth orbit per unit weight delivered
to the lunar surface as functions of the lunar supply rate.

CONCLUSIONS A/

The performance comparisons which form the basis of these conclusions
are based on the use of the SNAP-50 with a mercury-bombardment ion thruster
and an advarnced mevallic-cors ruclear rocket for the Jupiter probe mission.
For the lunar logistic supply operation, the results are based on the use
of multiple SNAP-50's coupled in parallel and a graphite-core nuclear rocket.

1. Yor mission times greater than 620 days, greater payloads can be
achieved for tne Jupiter probe mission by using an electric propulsion
system with a powerplant of 30 lb/kwe spezific weight than by using a



£-910076-3

nuclear rocket of 800 sec specific impulse. At 10 1lb/kwe, electric pro-
pulsion is superior for mission times greater than about 300 days.

2. Electric propulsion regquires fewer Saturn V launches per mcnth to
maintain a given supply rate in the lunar logistic supply operation than
are required by the nuclear rocket.

3. In supplying two payload deliveries over a powerplant lifetime of
10,000 hr, the electric propulsion system provides greater performance, in
terms of earth orbital weight per unit payload weight, than a nuclear rocket
of 800 sec specifiec impulse even up to a specific powerplant weight of
approximately 40 lb/kwe. For three payload deliveries in 10,000 hr,
electric propulsion is superior up to a specific weight of about 25 lb/kwe.

INTRODUCTION

The background of this study and the basic assumptions under which it
1s being carried out were presented in the two previous gquarterly progress
reports (Refs. 1 and 2). The same general assumptions and ground rules
have been maintained in +the study durirg the past guarter except for modifi-
cations to the specific ground rules of the lunar logistic supply operation.
These changes and their effect on the results are discussed in the pre-
sentation of the results.

JUPITER PROBE MISSION
Definition of Mission and Assumptions

Electric Propulsion

It is assumed that a 28,000 1b electrically propelled space vehicle
is launched into a 300 n mi circular earth satellite orbit by a Saturn IB
iauncher. The space vehicle follows a spiral escape trajectory in the
strong gravitational field of the earth and then a heliocentric transfer
trajectory consisting of an initial powered phase followed by a coast to
Jupiter. The orbits of earth and Jupiter are assumed circular and coplanar.
It is assumed that the venicle operates at constant specific impulse (i.e.,
constant thrust) but that the thrust may be turned off altcgether. The
constant-thrust accelergtion plus optimum-coast helliocentric trajectory
data were obtained from Ref. 3.

N
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Nuclear Rocket Propulsion

The mission and the initial vehicle gross weight for nuclear rocket
prepulsion are exactly the same as those for electric propulsion. The
trarsfer consists of an escape hyperbola at earth, with a perigee of
300 n mi altitude, followed by a heliocentric elliptic or hyperbolic
transfer.

A so-called l%istage advanced tungsten-core nuclear rocket vehicle is
employed for this comparison of electric and nuclear rocket propulsion.
This vehicle, which uses liquid hydrogen as the propellant, is the same as
that discussed in Ref. 4. Not under development at present, the advanced
nuclear rocket engine is assumed to have a weight of 1000 1b plus 1 1b for
every 45 1b of thrust at a specific impulse of 800 sec. In the powered
take-off from the initial earth orbit, a propellant tank is Jjettisoned
after half the required velocity change is achieved. The same engine
provides the thrust to achieve the remaining velocity change using pro-
pellant contained in a second tank.

Results

For electric-propulsion systems, payload fraction as a function of
mission time for given values of power conversion efficiency Cq) and
specific impulse (I) is presented in Figs. 1 through 9. These generally
applicable plots are presented for assumed powerplant specific weights of
10, 20, and 30 1b/kwe and powerplant fractions of 0.20, 0.25, and 0.30.
For any specific thruster there would be a characteristic variation of
power conversion efficiency with specific impulse. Typical variations are
presented in Fig. 10 for a mercury-bombardment ion engine and an arc-jet.
Any such variation can be plotted on the generalized grids of Figs. 1
through 9 to obtain payload fraction as a function of mission time for
that particular thruster.

Also for a given thruster and powerplant specific weight, optimum
values of powerplant fraction and specific impulse could be determined by
superimpoesing the plots of payload versus mission time for the three power-
pirant fractions. The envelope of these curves would give the maximum
possible payload at any given mission time. The optimum value of powerplant
fractiorn has beer found to be in the viecinity of 0.25 and is nearly invariant
with specific powerplant welght and mission,

Superimposed on Figs. 1 through 9 are payload fraction curves for the
l%-stage solid-core nuclear rocket for general comparison with the electric
propulsion performance. The iritial thrust-to-weight ratio iz 0.5 with
assumed values of specific impulse of 700, 800, and 900 sec. To obtain a
speclfiz comparison of electric propulsion and nuclear rocket performance,

the grids of Figs. 2, 5, and 8 and the efficiency variation of Fig. 10 for
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the mercury-bombardment ion engine were employed to produce the electric-
propulsion payload-fraction curves of Fig. 11. This figure shows that
either the SNAP-50 powerplant lifetime must be greater than 10,000 hr (417
days) or its specific weight must be below the 15 to 20 lb/kwe range in
order for electric propulsion tc be superior to solid-core nuclear rocket
propulsion for this mission.

LUNAR IOGISTIC SUPPLY OPERATION
Analysis

Since this operation has been previously described in detail in Ref. 2,
a detalled description is not repeated here. In Ref. 2 specific cost
results (cost per unit weight of payload) were presented for a lunar supply
operation based on the Saturn I and Saturn IB launchers. An operation
using the Saturn V as the launcher has been studied this quarter, using
essentially the same method of analysis as that presented in Appendix I of
Ref. 2. Two of the basic ground rules, however, have been changed. After
the useful lifetime of the electric propulsion unit has been reached, it
is left in lunar orbit rather than being returned to earth orbit to save
the fuel required for the return trip. A greater payload may be carried
on the last one-way trip than that which is carried on the round-trips.

A second change in ground rules assumes that the payload would be
Placed on the lunar surface instead of only in lunar orbit. For the
purpose of deorbiting the payloads to the surface, a chemical rocket
using storable NoOj, and aerozine with a specific impulse of 312 sec is
employed both for the electric propulsion and the nuclear rocket systems.
Storable propellant is used instead of cryogenic hydrogen and oxygen to
avoid boil-off losses. The nuclear rocket vehicle could land directly
on the lunar surface but in so doing could present a possibly unacceptable
radiation hazard. These changes in ground rules require some modification
of the analysis but not enough to warrant its presentation in this progress
report.

Electric Propulsion

The electrically propelled vehicles are again considered to be com-
posed of two modules: one containing the propulsion system and a structure
frame, and the other containing the propellant, tankage, and payload. In
the analysis the initial gross weight of each vehicle is considered to be
the same for every trip. Each module of the electrically propelled vehicle
is launched separately by one or more Saturn Vis. Both an arc-jet and a
mercury-bombardment ion thruster are considered for the operation. The
assumed variations of power conversion efficiency with specific impulse for
the two thrusters are shown in Fig. 10. The arc-jet curve is taken from
Ref. 5, and the ion-engine curve is taken from Ref. 6.

L




C-910076-3

The results for the lunar mission are presented in Figs. 12 through
18, which show specific supply rate (i.e., payload weight per day divided
by initial vehicle gross weight) as a function of powerplant fraction and
the number of payload deliveries per vehicle. A set of these curves is
presented for the mercury-bombardment ion thruster for both 10,000 hr and
15,000 hr powerplant lifetime at powerplant specific weights of 10, 20,
and 30 lb/kwe. Because the arc-jet has proven itself inferior to the ion
thruster for this mission, only a single set of curves, for a powerplant
lifetime of 10,000 hr and a powerplant specific weight of 20 lb/kwe, are
presented.

Any point on the curves of Figs. 12 through 18 represents an operating
point having compatible values of powerplant lifetime, trip time, number
of payload deliveries, specific impulse, and powerplant fraction. The only
restriction on the use of these plots is that the allowable powerplant
fractions must be such that each of the two modules of the vehicle reguires
the full launching capacity of an integral number of Saturn V's. The
powerplant fraction to be used in Figs. 12 through 18 is obtained by
subtracting the structure plus thruster fraction (assumed to be 0.0k)
from the fraction of total vehicle represented by the first module.
For example, one Saturn V launching the first module and a second Saturn V
launching the second module results in a case for which the powerplant
fraction is 0.460. The use of one Saturn V for the first module and two
for the second results in a powerplant fraction of 0.293, etc.

The first combination that was investigated was a single Saturn V
for each of the modules. As can be seen in Figs. 12 through 18, the
corresponding powerplant fraction of 0.460 is too high, since it results
in operation well past the peak of maximum supply rate for any number of
payload deliveries per vehicle for both the mercury-bombardment ion
engine and the arc-jet. Therefore another chcice was made involving one
Saturn V to launch the first module and two others to launch the second
(powerplant fraction of 0.293). Although this combination possibly
increases the difficulty of the rendezvous problem and also requires a
larger vehicle, the increase in performance would probably warrant the
acceptance of these additional problems.

An alternate scheme which was not studied may have potential. This
scheme would involve the initial launch of both modules with a single
Saturn V, and to launch each successive second module also with a
Saturn V. Since this scheme results in different initial gross weights,
the results of the present study cannot be applied.

As can be seen from Fig. 18 a powerplant fraction of 0.293 is still
too large for efficient operation of the arc-jet. To make the arc-jet
competitive with the mercury-bombardment ion engine, it is necessary to
increase the number of Saturn V's to five, with one launching the first

\n
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module and the other four launching the second module. Although the power
requirements of these large vehicles are large (around 10 Mwe at a power-
plant specific weight of 20 lb/kwe), it is assumed that this power can be
supplied by coupling five SNAP-50 powerplants in parallel. If the
packaging problem is toc severe, either a 10 Mwe powerplant or a smaller
vehicle would have to be used.

One further comment regarding Figs. 12 through 18 may be useful. The
supply rates of these figures are based on the use of the storable pro-
pellant NsOp-aerozine for deorbiting. The ratio of payload weight on the
lunar surface to weight in lunar orbit for this propellant is approximately
0.533. The corresponding supply rate to the lunar orbit can be determined
by multiplying the supply rate to the surface by l/b.533.

Nuclear Rocket Propulsion

Unlike the powerplant of the electrically propelled vehicle, the
nuclear rocket engine weight is a small part of the total vehicle weight.
For this mission a NERVA-type graphite-core nuclear rocket is employed
which has an assumed weight of 4500 1b plus 1 1b for every 45 1b of
rocket thrust at a specific impulse of 800 sec.

Initially the whole vehicle is launched by a Saturn V into the
standard 300 n mi circular orbit. For the next lunar trip, the Saturn V
would launch the same weight of payload, propellant, and tankage into an
orbit of slightly higher energy due to the fact that the engine and
structure frame are already in orbit. On the final one-way trip of the
vehicle, a larger payload can be carried, since no propellant would be
required for the return trip. Thus, during the life of one vehicle,
there are three different sizes of payload carried.

It is necessary to determine the best values of round-trip time and
vehicle thrust-to-weight ratio for the nuclear vehicles. These com-
putations have been done for a specific impulse of 800 sec, and the
results are assumed to hold for other values of specific impulse. A
good figure of merit for performance in this mission is the weight
launched into earth orbit per unit payload weight delivered to the lunar
surface. It is desirable to minimize this figure of merit. This quantity
is at a minimum value at a thrust-to-weight ratio of around O.4 for nearly
all values of round-trip time. It is very insensitive to thrust-to-weight
ratio around the minimum, so a value of 0.5 was chosen in order that

gravity AV losses may be neglected in the calculations without loss of
accuracy.

At any thrust-to-weight ratio, the figure of merit is minimum for
a round-trip time corresponding to minimum-energy transfers. This time

[0)
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is about 10.5 days. Therefore, results are presented for a round-trip time
of 10.5 days and a thrust-to-weight ratio of 0.5. It should be emphasized
that the 10.5 day round-trip time minimizes only the performance figure of
merit, whereas a shorter round-trip time would minimize the specific cost
of the operation. Since the comparison is being made here on the basis

of performance, the longer time is employed. Results of a minimum specific
cost comparison will be presented in the final report.

Results

The required Saturn V launch rate (number of launches per month) is
shown in Fig. 19 as a function of the supply rate to the lunar surface for
both electric and nuclear-rocket propulsion. Presented in the figure are
results for the mercury-bombardment ion engine and the arc-jet for a
powerplant specific weight of 20 lb/kwe and a powerplant lifetime of
10,000 hr, and for various numbers of payload deliveries per vehicle.

The corresponding values of trip time and specific impulse for the
electric propulsion systems presented in this and the following figures
are shown in Table I.

For comparison, the same results for the nuclear-rocket system are
shown in Figs. 19 through 23 for values of specific impulse of 600, T00,
800, and 900 sec. It is seen that the mercury-bombardment ion engine
system requires a lower launch rate than the nuclear-rocket system for
both two and three payload deliveries per vehicle. The arc-jet, on the
other hand, cannot compete even for the lowest number of payload deliveries
considered.

Figure 20 is different from Fig. 19 only in that the powerplant life-
time is dincreased to 15,000 hr. The result is that a lower launch rate is
required for more payload deliveries per vehicle.

Figures 21 and 22 show the same results of required Saturn V launch
rate versus supply rate for a powerplant specific weight of 10 lb/kwe.
Here all of the electric propulsion curves indicate a lower required
launch rate than any of the nuclear rocket curves.

Finally, Fig. 23 presents the same results for a powerplant specific
weight of 30 lb/kwe and for powerplant lifetimes of 10,000 hr and 15,000 hr.
For 10,000 hr the electric propulsion system is superior for two payload
deliveries, while at 15,000 hr it is superior for both two and three pay-
Joad deliveries.

In Figs. 24 ard 25 are plotted powerplant specific weight and nuclear
rocket specific impulse against the ratio of weight launched into earth
orbit per unit weight delivered to the lunar surface. This figure of
merit, as mentiored previously, is a good indicator of system performance.
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These two figures clearly show the relative merits of electric and nuclear-
rocket propulsion for this mission. It is seen that electric propulsion
with a mercury-bombardment ion thruster is superior if a powerplant specific
weight of 30 lb/kwe or less can be achieved and if the long round-trip times
of the order of 100 to 200 days can be tolerated.

PROJECTED WORK

During the last three-month phase of the contract, specific cost
results for the lunar supply operation using Saturn V launchers, which
had not been completed at the time of writing of the present progress
report, will be reported.

A study will be launched to determine the applicability of the pre-
sently-envisioned SNAP-8 powerplant to the following missions: a 24-hr
satellite, a lunar mapping satellite, an out-of-the-ecliptic probe, and
a solar probe. An idea for improved electric propulsor efficiency,
involving direct thermal heating in the ionizer of cesium contact ion
thrusters, will be investigated in connection with the SNAP-8 system.

A draft of the final technical report will be written during the
next quarter.

REPORTING NEW TECHNOLOGY

There are no developments to report under the requirements of the
Reporting of New Technology clause in the contract.
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FIG. 25

056
.
C
2 o006
m
>
p o)
po)
Qo
(@]
Fa
M ogs
w
o)
m
o
il
O
= 008
0
C
-
n
m

oGl

03S

00L

C-910076-3

3Dv4HNS ¥VYNNT Ol a3¥3AIN30 LHOIIM LINN
11880 HLY¥V3 OLNI G3IHONNVT LHOIIM

9 S v € 4 | 0
‘ S
Ol
Sl
0O¢

\ '
f - G2
€
2 = w
’

/ -

13¥0048 HYITONN 3HOD QINOS = = =—
I1DIHIA H3d SIIH3AMIA GVOTAVd 40 ¥IBWNN = W
SHNOH 000°GH = INILIAAIN LNV Id¥IMOd
3NIONI NO!I LNIWAHVEBNOS AHNDHIW
LINIW 40 3HNOId IDONVWHOIYI

NOILVH3dO AlddNS OJ1LSI907T ¥VNNT

1NVIdH¥3IM0d

1H9I3M D14I03dS

amx/87

35



